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This  s tudy w a s  i n i t i a t e d  t o  exp lo re  degradat ion of v a r i o u s  materials 
used i n  s p a c e c r a f t  af ter  severe l o s s  of polymeric material c o a t i n g s  
(Kapton) w a s  observed on an  e a r l y  s h u t t l e  f l i g h t  i n  low e a r t h  o r b i t .  
S ince  atomic oxygen is  t h e  major component of t h e  atmosphere a t  300 km, 
and t h e  s h u t t l e ' s  o r b i t a l  v e l o c i t y  produced relative motion corresponding 
t o  % 5eV of oxygen energy, i t  w a s  n a t u r a l  t o  a t t r i b u t e  much o f  t h i s  
deg rada t ion  t o  oxygen i n t e r a c t i o n .  
t i o n  employing f a c i l i t i e s  a t  NASA L e w i s  Research Center  (NASA LeRC), 
such as l a r g e  volume vacuum systems and ion beam sources ,  i n  an e x p l o r a t o r y  
e f f o r t  t o  produce atomic oxygen of t h e  a p p r o p r i a t e  energy, and t o  observe 
mass l o s s  from v a r i o u s  samples as w e l l  as c h a r a c t e r i s t i c  o p t i c a l  r a d i a t i o n .  
Simultaneously,  i t  w a s  planned t o  do ex-si tu  c h a r a c t e r i z a t i o n  of t h e  s u r f a c e s  
of t h e s e  samples by AES and energy d i s p e r s i v e  SEM u s i n g  f a c i l i t i e s  a t  
Case Western Reserve Unive r s i ty  (CWRU) . 
It w a s  proposed t o  test t h i s  assump- 
Several. i n v e s t i g a t i o n s  were i n i t i a t e d  during t h e  p e r i o d  o f  t h i s  
g ran t  and completed wi th  t h e  support  of a subsequent g r a n t  and NASA LeRC 
in-house funds. The r e s u l t s  o f  t h e s e  i n v e s t i g a t i o n s  have been p resen ted  
i n  f o u r  papers.  Two o f  t h e s e  papers  have been publ ished.  Copies of t h e  
o t h e r  two, which w e r e  prepared as i n t e r n a l  communications, are appended 
t o  t h i s  r e p o r t .  A s  a n  a i d  t o  t h e  r eade r ,  we summarize b r i e f l y  t h e  
c o n t e n t s  of each of t h e s e  papers.  
I. D. C. Ferguson, "The Space S h u t t l e  Glow",  unpublished. (Supported by 
Grant NAG 3-352). 
This is a d e t a i l e d  a n a l y s i s  of t h e  s h u t t l e  glow phenomenon. 
P o s s i b l e  mechanisms f o r  t h e  glow are desc r ibed  and c r i t i c a l l y  d i scussed ,  
i nc lud ing  r a d i a t i o n  from c o l l i s i o n a l l y  e x c i t e d  oxygen atoms and n i t r o g e n  
molecules,  d i s s o c i a t i v e l y  e x c i t e d  atomic oxygen, s p u t t e r i n g  induced 
emission, and e x c i t e d  molecules due t o  recombination at t h e  s u r f a c e .  
._ 11. D. C. Ferguson, "Laboratory Degradation of Kapton i n  a Low Energy 
'(ygen Ion  Beam", NASA Report No. TM-83530, 1983. (Supported by 
Grant NAG 3-352 and NASA LeRC in-house funds) 
Th i s  paper d e s c r i b e s  t h e  results of oxygen and argon i o n  bombardment 
of Kapton c a r r i e d  o u t  in a l a r g e  volume vacuum tank  at NASA LeRC. Auger 
a n a l y s i s  of some of t h e  samples bombarded i n  t h i s  f a c i l i t y  w a s  performed 
a t  CWRU. 
111. D. C. Ferguson, "The Energy Dependence and Sur face  Morphology o f  
Kapton Degradation Under Atomic Oxygen Bombardment", Proceedings 
of t h e  13 th  Space Simulat ion Conference (1984), pp. 205-221. 
(Supported by Grant NAG 3-352 and NASA LeRC in-house funds) 
I n  t h i s  paper  D r .  Ferguson used mass l o s s  d a t a  f o r  Kapton from a 
number of d i f f e r e n t  i n v e s t i g a t i o n s  t o  f i t  a n  expres s ion  o f  t h e  form 
R = aE", where R is  t h e  mass loss rate i n  atomic mass u n i t s  p e r  i n c i d e n t  
atom o r  ion ,  E is  t h e  impact energy i n  eV,  and a and n are c o n s t a n t s  
determined by t h e  f i t .  H e  used plasma a s h e r  (0 . l e v ) ,  atomic oxygen beam 
(lev), s h u t t l e  (5eV), and h i s  own i o n  beam (800eV) d a t a  t o  o b t a i n  
a = 1.5 and n = 0.68, w i t h  a c o r r e l a t i o n  c o e f f i c i e n t  of 0.990 f o r  h i s  
l ea s t - squa res  f i t .  Subsequent oxygen i o n  bombardment d a t a ,  t aken  a t  
CWRU i n  t h e  energy range 43 t o  188eV, ag rees  w e l l  w i th  Ferguson's 
formula (Horton, et .  a l . ,  J. Vac. S c i .  Technol. A4, 1236 (1986)).  
This work a t  CWRU w a s  supported by NASA Grant NAG-3-426. 
IV."Surface Analysis  of  STS 8 Samples", unpublished. (Supported by 
Grant NAG 3-352, Grant NAG 3-426, and NASA LeRC in-house funds) 
Th i s  paper p r e s e n t s  t h e  r e s u l t s  of Auger a n a l y s i s  of test samples 
flown on STS 8. The samples w e r e  prepared a t  CWRU and a t  NASA LeRC. 
The Auger a n a l y s i s  w a s  performed a t  CWRU. 
. 
The Space S h u t t l e  Glow 
D r .  Dale C. Ferguson 
Case Western Reserve Univ. 
A b s t r a c t  
The glow surrounding forward p o i n t i n g  s u r f a c e s  of t h e  Space 
S h u t t l e  is  examined. 
c r i t i c a l l y  d i s c u s s e d ,  i nc lud ing  r a d i a t i o n  from c o l l i s i o n a l l y  e x c i t e d  oxy- - *  
gen atoms and n i t r o g e n  molecules ,  d i s s o c i a t i v e l y  e x c i t e d  atomic oxygen, 
s p u t t e r i n g  induced emission,  and e x c i t e d  molecules  due t o  recombinat ion a t  
t h e  s u r f a c e .  It is  hypothesized t h a t  emission from water vapor formed i n  
The 
r e l a t i o n  of t h e  glow t o  t h e  deg rada t ion  of materials i n  the forward d i r e +  
t i o n  is d i s c u s s e d .  Laboratory and space  experiments are proposed t o  t e s t '  
t h e  n a t u r e  of t h e  glow and t o  ' l e a r n  how t o  minimize , i ts  a d v e r s e  e f f e c t s .  
P o s s i b l e  mechanisms f o r  t h e  glow are d e s c r i b e d  and 
. e x c i t e d  states on t h e  S h u t t l e  s u r f a c e  may be t h e . o r i g i n  of t h e  glow. 
. IKTRODUCTION 
The Space Shutt le ,  o p e r a t i n g  i n  low e a r t h  o r b i t ,  s u r p r i s i n g l y  glows. (1,2). 
The orange-red glow, which i s  estimated. (3) t o  b e  of an in tens i ty  of about 
1 k i loRay lk igh ,  o c c u r s  on ly  above t h e  s u r f a c e s  of t h e  S h u t t l e  which are 
f a c i n g  t h e  d i r e c t i o n  of motion, and seems t o  be independent of t h e  
mater ia l  of t h e  exposed s u r f a c e s  (4) .  The e x t e n t  of t h e  observed glow is  
a layer of perhaps 10 cm i n  dep th  surrounding t h e  S h u t t l e  s u r f a c e s ,  and a 
t a i l  perhaps 3 meters i n  l e n g t h  extending back from t h e  edge of t h e  
v e r t i c a l  s t a b i l i z e r  i n  t h e  d i r e c t i o n  o p p o s i t e  t h a t  of v e h i c l e  motion (1). 
There are  s h a r p  shadows on v e h i c l e  p a r t s  s h i e l d e d  from t h e  "ram" e f f e c t  of 
t h e  S h u t t l e  motion, where no glow occur s .  The glow is b r i g h t e s t  when t h e  
l ine  of s i g h t  skims a long s e c t i o n  of exposed s u r f a c e ,  implying t h a t  a 
long o p t i c a l  p a t h l e n g t h  h e l p s  b u i l d  t h e  i n t e n s i t y  of t h e  glow. 
ob ta ined  by a d i f f r a c t i o n  g r a t i n g  flown on STS-4 has  not y e t  been f u l l y  
analyzed.  
w i t h  experiments  (astronomy, etc.) which r e q u i r e  o r  measure low l i .gh t  
l e v e l s .  Furthermore,  it i n d i c a t e s  t h a t  t h e r e  are p r o c e s s e s  o c c u r r i n g  i n  
low e a r t h  o r b i t  which are poorly understood and u n a n t i c i p a t e d .  
is r e l a t e d  t o  o x i d a t i o n  p rocesses  o r  o t h e r  p rocesses  which may c a u s e  
d e g r a d a t i o n  of materials, it may be extremely i n p o r t a n t  t o  unde r s t and  i t s  
n a t u r e .  
The spectrum 
The glow seems t o  hav,e been weaker ( 5 )  on STS-4 t h a n  on STS-3. 
~ 
The glow is of concern f o r  many r easons .  Obv ious ly ' i t  w i l l  i n t e r f e r e  
I f  t h e  glow 
The performance and l i f e t i m e  of l a r g e  s o l a r  a r r a y s  and o t h e r  
permanent" o r b i t e r s  may depend on t h a t  understanding.  I n  t h i s  r e p o r t ,  11 
2 
c 
w e  cons ide r  t h e  p r o c e s s e s  which may c o n t r i b u t e  t o  t h e  glow, in a n  a t te r rp t  
t o  d i s c o v e r  what is  causing it and how it may b e  circumvented o r  prevented 
from a d v e r s e l y  a f f e c t i n g  performance and tes t  c o n d i t i o n s  i n  low e a r t h  
o r b i t .  
. 
ELEMENTARY DEDUCTIONS 
The glow is obv ious ly  n o t  confined t o  t h e  s u r f a c e  and i t s  e x t e n t  is 
n o t  an e f f e c t  of o v e r i l l u m i n a t i o n  of t h e  photographic  f i l m  o r  videocameras; 
t h i s  may b e  c l e a r l y  seen  i n  t h e  e x c e l l e n t  photo publ ished i n  Av ia t ion  Week, 
where t h e  "tail" of emission extending away from t h e  v e r t i c a l  s t a b i l i z e r  
i s  seen  t o  b e  r e f l e c t e d  i n  i t s  t i les ,  w i t h  t h e  d a r k  shadow of t h e  s t a b i l i z -  
er wake i n  between. Thus, t h e  emission is  t r u l y  extended I n  space,  and 
must b e  due t o  emitters coming o f f  t h e  S h u t t l e  s u r f a c e s .  
t h e  extent of t h e  emission l a y e r  i n  t h e  ram and wake d i r e c t i o n s .  A t  t h e  
a l t i t u d e s  where t h e  S h u t t l e  w a s  o p e r a t i n g  (280 t o  305 km), t h e  mean f r e e  
p a t h  of atoms o r  molecules  ( 5 , 6 )  is of t h e  o r d e r  of 2000 meters, so t h a t  
we can  assume t h e  emitters r a d i a t e  without  c o l l i d i n g  w i t h  t h e  surrounding 
medium (see f o o t n o t e ) .  
t h a t  of v e h i c l e  motion.may b e  t aken  t o  b e  g iven  by t h e  S h u t t l e  v e l o c i t y  
times t h e  emitter l i f e t i m e s .  
t h e n  y i e l d s  an  emitter l i f e t i m e  of abou t  4 ~ 1 0 ' ~  second. 
t h a t  t h e  emitters are coming o f f  t h e  ram-side s u r f z c e s  w i t h  e s s e n t i a l l y  
the rma l  v e l o c i t i e s .  A t  a t empera tu re  of -about 300K, a species w i t h  an  , 
atomic weight of 30 amu w i l l  have a t o t a l  v e l o c i t y  g iven  by 
An estinate of t h e  l i f e t i m e  of t h e  e m i t t i n g  . s p e c i e s  may b e  made from 
The e x t e n t  of t h e  glow i n  t h e  d i r e c t i o n  o p p o s i t e  - 
The S h u t t l e  o r b i t a l  v e l o c i t y  of 7.9 km/s L-- 
Another e s t i m a t e  of t h e  emitter l i f e t i m e  may b e  ob ta ined  by assuming 
and t a k i n g  t h e  v e l o c i t y  pe rpend icu la r  t o  t h e  s u r f a c e  t o  be 1/3 t h e  t o t a l  
v e l o c i t y ,  w e  f i n d  t h a t  
Dividing t h e  glow d e p t h  i n  t h e  ram d i r e c t i o n  by t h i s  v e l o c i t y ,  w e  f i n d  a 
l i f e t i m e  of abou t  6~10~' sec. 
becomes about  4x10-q sec. 
abou t  7 ~ 1 0 - ~  
l i f e t i m e  of abou t  4 t o  7xlO'f, sec. 
For a tomic oxygen (m= 1 6  amu). t h e  l i f e t i m e  
For a tomic argon (m = 40 amu) t h e  l i f e t i m e  is  
sec. Thus, w e  have c o n s i s t e n t  estimates f o r  t h e  emitter 
S i n c e  th.e glow o n l y  occur s  i n  t h e  ram d i r e c t i o n ,  w e  can assume t h a t  
Footnote .  I f  t h e  p r e s s u r e  incre ,ases  t o  about  ' / O - 3  t o r r  nea r  t h e  S h u t t l e  
du r ing  t h r u s t e r  f i r i n g ,  c o l l i s i o n s  may, however, b e  important .  
3 
h e a t  t h e  s u r f a c e .  I f  a l l  of t h e  major s p e c i e s  gave up t h e i r  e n t i r e  
energy on impact,  t h e  t o t a l  h e a t  t r a n s f e r  would b e  about  4 . 6 ~ 1 0 ’ ~  
T h i s  couipares t o  a r a d i a t i v e  f l u x  o u t  of a b l ack  body a t  300K of abou t  
2x10’’ e V / c m 2  sec. 
cou ld  be produced. T h i s  would ra ise  t h e  t empera tu re  of t h e  s u r f a c e  by 
eV/cmzsec. 
Thus, a change of perhaps 1% i n  t h e  energy f l u x  
- less t h a n  1K. * 
POSSIBLE MECHANISMS 
We can come up w i t h  s e v e r a l  p o s s i b l e  mechanisms f o r  t h e  glow. They 
i n c l u d e  t h e  fo l lowing ;  
1 Direct c o l l i s i o n a l  e x c i t a t i o n  of t h e  b a c k s c a t t e r e d  s p e c i e s .  
2 .  D i s s o c i a t i o n  of molecular  oxygen a t  t h e  s u r f a c e  i n t o  e x c i t e d  atoms. 
3. S p u t t e r i n g  of e x c i t e d  atoms from t h e  impacted s u r f a c e s .  
4. Molecular recombinat ion of atoms a t  t h e  s u r f a c e  i n t o  e x c i t e d  states. 
There a re  advantages and d i sadvan tages  of e c h  of ‘ t h e s e  e x p l a n a t i o n s  
f o r  t h e  S h u t t l e  glow. 
p o s s i b i l i t i e s  i n  t u r n  and w i l l  a t t e m p t  t o  come t o  a conc lus ion  as t o  which 
is  most probable .  
c l a r i f y  which mechanism is  r e s p o n s i b l e  and what can be done t o  m i n i m i z e  o r  
e l i m i n a t e  t h e  a d v e r s e  e f f e c t s  of t h e  glow. 
I n  t h e  next  s e c t i o n  w e  w i l l  examine each of t h e s e  
F i n a l l y ,  w e  w i l l  d i s c u s s  experiments which can  h e l p  
DISCUSSION OF OPTIONS 
A. Direct e x c i t a t i o n  of b a c k s c a t t e r e d  s p e c i e s ,  
To see i f  t h i s  is p o s s i b l e ,  w e  need t o  compare t h e  t i m e s c a l e s  
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invobed in t h e  c o l l i s i o n s  w i t h  t h o s e  i n  t h e  emit ted r a d i a t i o n .  W e  w i l l  
assume t h a t  e l e c t r o n i c  .states can  b e  e x c i t e d  i f .  t h e .  wave f r e q u e n c i e s  of t h e  
t r a n s i t i o n  are comparable t o  t h e  f r e q u e n c i e s  involved in t h e  c o l l i s i o n s .  
h e s t i m a t e  of t h e  t i m e  needed f o r  a c o l l i s i o n  ( f o r  r e a c c e l e r a t i o n  in t h e  
o p p o s i t e  d i r e c t i o n )  can b e  made by d i v i d i n g  t h e  c o l l i s i o n a l  r a d i u s  by t h e  
atomic v e l o c i t y .  In o u r  case, w e  'can f i n d  t h e  c o l l i s i o n a l  r a d i u s  from t h e  
c o l l i s i o n  c r o s s - s e c t i o n  Q f o r  n e u t r a l  atoms and molecules  ( 9 ) ,  
which g i v e s  
Then, t h e  c o l l i s i o n  t ime  t C  is 
A time t& a s s o c i a t e d  w i t h  t h e  e l e c t r o n i c  t r a n s i t i o n  i s  t h e  i n v e r s e  of t h e -  
f requency J ,  
A -- t,=,- I 
C 
c 
where A is  t h e  wavelength and c is t h e  speed of l i g h t ,  which f o r  ,hh_?OOOA 
g i v e s  
Thus, t h e  c o l l i s i o n  time i s  about  t e n  times longe r  than  t h e  time r e l a t e d  t o  
t h e  t r a n s i t i o n .  
atoms t o  have e l e c t r o n s  i n  t h e  e x c i t e d  state.  T h i s  i s  no g r e a t  l i m i t a t i o n  
on t h e  mechanism, f o r  i f  o n l y  one  oxygen atom in 6x10' 
t h e  e x c i t e d  s ta te  t h e  observed photon i n t e n s i t y  could b e  ?mduced.  T h e  
r a t i o  f o r  argon would b e  one atom in 30. Any o r  a l l  of t h e  major s p e c i e s  
( exc lud ing  H and He) could b e  e x c i t e d  enough t o  produce t h e  glow. 
We now a s k  which b a c k s c a t t e r e d  s p e c i e s  have a spectrum which can 
produce t h e  orange-red glow. 
seem t o  show d i f f u s e  emission from about  6300 
ircposed by t h e  o p t i c s  used. 
e l e c t r o n  energy h i g h e r  t h a n  i t s  impact energy, we o b t a i n  (lG,11,12) t h e  
p o s s i b l e  a tomic energy l e v e l s  l i s t e d  i n  T a b l e  2. 
p l a c e  w i t h  a s u r f a c e  m a t r i x ,  w e  need n o t  worry about  s e l e c t i o n  rules f o r  
e x c i t a t i o n .  P o s s i b l e  emission bands f o r  i n c i d e n t  molecules  (13,14) are 
g i v e n  i n  T a b l e  3 .  From t h e s e  t a b l e s  it c a n  b e  seen  t h a t  a t o n i c  argon has  
no emission l i n e s  i n  t h e  orange-red p a r t  of t h e  spectrum and may b e  
dropped from f u r t h e r  c o n s i d e r a t i o n .  
l i n e s  i n  t h e  o range ,  and bo th  N, and 0% have emission bands i n  about  t h e  
r i g h t  wzvelength range.  
s t rong-est  i n t e n s i t y  i n  t h e  a f t e r g l o w  a t  about  5800 
t h e  b'z- 
We should expect  o n l y  a small f r a c t i o n  of t h e  b a c k s c a t t e r e d  . 
is backscattered in 
S p e c t r a  ob ta ined  by S. Mende (3) on STS-4 
t o  SO00 EL, t h e  l i m i t  - 
Assuming no s p e c i e s  can b e  e x c i t e d  t o  a n  
S i n c e  t h e  c o l l i s i o n s  t a k e  
Atomic oxygen has  two f o r b i d d e n  
The a'Kj -A32t (1st p o s i t i v e ) b a n d s  of N, show t h e i r  
(yellow-orange) b u t  
(a tmospheric)  bands of 02 show up s t r o n g e s t  i n  emission 
000 & (deep r e d - i n f r a r e d ) .  Thus, t h e  b e s t  c a n d i d a t e s  f o r  
. t h e  emission,  i f  it i s  due t o  c o l l i s i o n a l  e x c i t a t i o n  of t h e  impacting 
s p e c i e s ,  would seem t o  b e  t h e  fo rb idden  l i n e s  of atomic oxygen and t h e  
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atmospheric  bands of molecular  oxygen. 
a tmospheric  bands of 0, (25) is  about  12 seconds.  It is i n t r i g u i n g  t o  n o t e  
t h a t  t h e  atomic l i n e s  of oxygen and t h e  molecular  bands of 0~ 
from m e t a s t a b l e  states,  w i t h  l i f e t i m e s  much g r e a t e r  t han  t h a t  of t h e  
e m i t t i n g  s p e c i e s ,  about  5x10' ' second. However, t h e s e  are p u r e l y  
r a d i a t i v e  l i f e t i m e s .  I f  c o l l i s i o n a l  d e - e x c i t a t i o n  i s  important ,  t h e  
e f f e c t i v e  lifetime of m e t a s t a b l e  states -can b e  cons ide rab ly  reduced. 
b a c k s c a t t e r e d  s p e c i e s  has  been observed i n  t h e  l a b o r a t o r y .  The answer is  
yes .  Emission by b a c k s c a t t e r e d  atoms is r o u t i n e l y  observed i n  s p u t t e r i n g  
experiments where s u r f a c e s  are bombarded wi th  h igh  energy ions.  Although 
t h e s e  experiments  have been done w i t h  much h ighe r  i n c i d e n t  e n e r g i e s  t h a n  
t h o s e  on t h e  Space S h u t t l e ,  w e  f e e l  t h a t  t hey  can b e  in fo rma t ive .  
and Thomas (18) r e p o r t  t h a t  bombardment of gold and n i c k e l  s u r f a c e s  by 
H t  and H e t  i o n s  of > 2keV l e d  t o  e x c i t e d  emission of H and H e  a b o v e ' t h e  
s u r f a c e s .  The v e l o c i t i e s  of t h e  r e f l e c t e d  e x c i t e d  beams were n e a r l y  t h e  
.same as t h o s e  of t h e  i n c i d e n t  beams, implying t h a t  l i t t l e  energy t r a n s f e r  
occur red  a s i d e  from t h e  e i e c t r o n  c a p t u r e  and e x c i t a t i o n .  One e x p e c t s  thaV 
i n  t h e  p r o c e s s  of c o l l i s i o n  w i t h  t h e  s u r f a c e  t h e  i n c i d e n t  i o n s  c a p t u r e  
e l e c t r o n s  w i t h  l i t t l e  e n e r g e t i c  e f f e c t  w e l l  b e f o r e  s c a t t e r i n g  occur s .  
Kleckner and C la rk  (19), c o l l i d i n g  beams of atomic hydrogen w i t h  gaseous 
A, N I  , OZ and CO, , ob ta ined  c r o s s - s e c t i o n s  f o r  e x c i t a t i o n  of t h e  4s 
s ta te  of hydrogen a t  5 keV of about  2xr0"*cm2 . 
t h a t  t h e  e x c i t a t i o n  by n e u t r a l  c o l l i s i o n s  is n o t  i n s i g n i f i c a n t  even f o r  
c o l l i s i o n s  w i t h  f r e e  p a r t i c l e s .  One expects ine l a s t i c  s c a t t e r i n g  t o  b e  
o r d e r s  of magnitude more l i k e l y  w i t h  a s u r f a c e  matrix. 
energy of t h e  incoming atoms and molecules is t r a n s f e r r e d  t o  t h e  matrix 
o r  r e s u l t s  i n  e l e c t r o n  e x c i t a t i o n  of t h e  backsca t t e red  s p e c i e s  is  ano the r  
The r a d i a t i v e  l i f e t i m e  of t h e  
bo th  come 
It is worthwhile  t o  a s k  a t  t h i s  s t a g e  whether r a d i a t i o n  from 
Kerkd i jk  
T h i s  r e s u l t  i m p l i e s  
Whether t h e  k i n e t i c  
- ques t  ion.  
S t u d i e s  of t h e  i n t e r a c t i o n  of low energy atomic and molecular  beams 
w i t h  s u r f a c e s  have pa id  l i t t l e  a t t e n t i o n  t o  t h e  emission f r o m  t h e  backscattered 
bean. They have e s t a b l i s h e d  c o n c l u s i v e l y ,  however, t h a t  i n e l a s t i c  c o l l i s i o n s  
a r e  commonplace. Defining,  a f t e r  Kogan (20) , t h e  energy accomodation 
c o e f f i c i e n t  u(g by 
where E L is  t h e  i n c i d e n t  beam energy, E r  is  t h e  r e f l e c t e d  beam energy, and 
E w  is  t h e  energy of t h e  r e f l e c t e d  beam i f  it were i n  thermal  e q u i l i b r i u m  
w i t h  t h e  s u r f a c e ,  w e  see t h a t  p e r f e c t l y  elastic c o l l i s i o n s  w i l l  r e s u l t  i n  
a n  accomodation c o e f f i c i e n t  of 0 w h i l e  p e r f e c t l y  i n e l a s t i c  c o l l i s i o n s  w i l l  
r e s u l t  i n  a v a l u e  of 1. Measured v a l u e s  (21) of t h e  accomodation c o e f f i -  
c i e n t s  f o r  a tomic and molecular  beams of e n e r g i e s  of a few e V  t y p i c a l l y  - 
are l a r g e r  t h a n  4. A study of t h e  s t i c k i n g  p r o b a b i l i t y  of potassium ~ 
atoms impinging on a t u n g s t e n  s u r f a c e  a t  e V  e n e r i i e s  (22) 'showed t h a t  a t  
e n e r g i e s  less t h a n  about  8 e V  more t h a n  20 5: of t h e  i n c i d e n t  atoms l o s t  
so much energy t h a t  t h e y  were t rapped by t h e  s u r f a c e .  
t h e  low e n e r g i e s  i n  Space S h u t t l e  c o n d i t i o n s  i n e l a s t i c  c o l l i s i o n s  w i t h  t h e  
s u r f a c e  are  common. These l e a d  t o  t h e r m a l i z a t i o n  of t h e  r e f l e c t e d  atoms 
a t  t h e  s u r f a c e  and j u s t i f y  our  u s e  of t h e  s u r f a c e  t empera tu re  i n  c a l c u l a t i n g  
v e l o c i t i e s  of r e f l e c t e d  s p e c i e s  f o r  de t e rmina t ion  of r a d i a t i v e  l i f e t i m e s .  
They also make p l a u s i b l e  t h e  hypothesized t r a n s f e r  of k i n e t i c  energy i n t o  
e l e c t r o n i c  e x c i t a t i o n  of t h e  b a c k s c a t t e r e d  atoms and molecules.  
T h i s  shows t h a t  a t  
Unfo r tuna te ly ,  
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experiments  measuring t h e  amount of t h i s  e x c i t a t i o n  a t  low e n e r g i e s  have 
n o t  been done. 
B.  D i s s o c i a t i o n  of 02 a t  t h e  s u r f a c e  i n t o  exc I t ed  0 atoms. 
E n e r g e t i c a l l y ,  it is  q u i t e  p o s s i b l e  f o r  a n  0, molecule,  s t r i k i n g  a 
s u r f a c e ,  t o  d i s s o c i a t e  i n t o  e x c i t e d  0 atoms. With 10.4 e V  of impact 
energy,  and 5.2 e V  needed t o  d i s s o c i a t e ,  one could t h e n  have 5.2 e V  of 
e l e c t r o n i c  e x c i t a t i o n  l e f t  over .  The e x c i t a t i o n  could b e  evenly d i s t r i b u t e d  
between t h e  two atoms o r  one atom could b e  more h igh ly  e x c i t e d  t h a n  t h e  
o t h e r .  
supply of e x c i t e d  0 atoms, s i n c e  t h e  d i s s o c i a t i o n  is a p r o c e s s  which 
p u l l s  t h e  e l e c t r o n s  i n t o  h ighe r  o r b i t s .  The number of e x c i t e d  0 atoms produced 
by t K s  p r o c e s s  w i l l  b e  roughly 2% of t h e  n&er of atoms of i n c i d e n t  
oxygen, so t h a t  whether t h e  O ' i s  mainly exc?ited by d i s s o c i a t i o n  o r  by 
d i r ec t  c o l l i s i o n a l  e x c i t a t i o n  w i l l  depend on t h e  unknown f r a c t i o n  of 
. 
h p i n g i n g  0 atoms which are  e x c i t e d .  In bo th  p rocesses  excess energy 
w i l l  b e  r a d i a t e d  away by t h e  s u r f a c e  i n  a continuum w i t h  2 c u t o f f  a t  
5.2 e V .  
I n  t h e  d i s s o c i a t i o n  p rocess ,  however, it is  p o s s i b l e  f o r  one  of t h e  
atoms t o  escape from t h e  s u r f a c e  w i t h  an e x c i t a t i o n  g r e a t e r  t h a n  5.2 eV.  
T h i s  i s  because one of t h e  atoms could b e  l e f t  bound t o  t h e  s u r f a c e ,  
w h i l e  t h e  atom which l e a v e s  could t a k e  up t h e  energy d e f i c i t  i n  t h e  form 
of e l e c t r o n i c  e x c i t a t i o n .  Thus, i f  t h e  r a d i a t i o n  is  due t o  molecular  
oxygen d i s s o c i a t e d  i n t o  atoms a t  t h e  s u r f a c e ,  w e  could expect t o  see l i n e s .  
from states as h i g h  as 5.2 e V  p l u s  t h e  binding energy of 0 t o  t h e  
s u r f a c e .  I f  t h e  binding energy i s  g r e a t e r  t h a n  about  3.9 e V ,  t h e n ,  t h e  
al lowed t r a n s i t i o n s  of 0 a t  1356 8 and 1359 
times (23) of 8x10'" s and 3 ~ 1 0 ' ~  S. 
would s u s p e c t  t h e s e  t r a n s i t i o n s  t o  b e  i t s  o r i g i n ,  because t h e i r  lifetimes 
are  so similar t o  t h a t  observed. A t  any rate, t h e  p re sence  o r  absence  of 
these lioes i n  t h e  glow m a y  de te rmine  whether d i s s o c i a t i o n  of molecular  
oxygen is a n  impor t an t  c o n t r i b u t o r .  
However, w e  can b e  s u r e  t h a t  d i s s o c i a t i o n  w i l l  produce a l a r g e  
- 
would b e  p o s s i b l e ,  w i t h  l i f e -  
I f  t h e  glow were no t  orange-red, one  
C. S p u t t e r i n g  of e x c i t e d  atoms from t h e  impacted s u r f a c e s .  
It is observed when s p u t t e r i n g  atoms from t h e  s u r f a c e s  of semi- 
conduc to r s ,  metals, and m e t a l l i c  ox ides  t h a t  e x c i t e d  atoms are  of te r i  s een  
t o  r z d i a t e  j u s t  above t h e  s u r f a c e .  The emission i n t e n s i t i e s  are  inc reased ,  
and t h e  v e l o c i t y  of t h e  major emitters is dec reased ,  when t h e r e  i s  a t h i n  
l a y e r  of metal o x i d e  on t h e  metal s u r f a c e  o r  when oxygen is  admit ted t o  t h e  
expe r imen ta l  chamber (27). In .  o r d e r  f o r  t h i s  p rocess  t o  occur ,  s u r f a c e  
atoms must a c t u a l l y  b e  s p u t t e r e d  from t h e  s u r f a c e .  It is  a r e a s o n a b l e  
q u e s t i o n  t o  a s k  whether t h e  e n e r g i e s  of t h e  s p e c i e s  impinging on t h e  
S h u t t l e  s u r f a c e  are h i g h  enough t o  c a u s e  s p u t t e r i n g  t o  occur.  
most n o t i c e a b l y  by Morgul'is and Tishchenko (28) and by S t u a r t  and Wehner 
(29). U n f o r t u n a t e l y ,  t h e i r  r e s u l t s  do n o t  agree. The t h r e s h o l d s  ob ta ined  
by S t u a r t  and Wehner are between 2 and 3 t i m e s  t h o s e  ob ta ined  by Morgulis 
and Tishchenko f o r  i d e n t i c a l  s p u t t e r i n g  and s p u t t e r e d  s p e c i e s ,  and g i v e  
t h r e s h o l d  e n e r g i e s  uniformly above 11 e V ,  w h i l e  t h o s e  of Morgulis and 
Tishchenko a re  un i fo rmly  below 13 eVl 
t o  t h e  p e c u l i a r  shape  of t h e  y i e l d  c u r v e  nea r  ze ro  y i e l d  as seen  by 
S p u t t e r i n g  t h r e s h o l d  e n e r g i e s  f o r  v a r i o u s  materials have been measured 
. Much of t h e  d i sc repancy  may b e  due 
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Morgulis and Tishchenko (30). 
e x t r a p o l a t e d  from h i g h e r  e n e r g i e s  and must m i s s  t h i s  kink i n  t h e  curve.  
T h i s  e f f e c t  seems t o  occur  f o r  y i e i d s  less than  about  10-3 atoms pe r  s p u t t e r i n g  
ion ,  so t h a t  f o r  t h e  e n e r g i e s  of atoms impinging on t h e  S h u t t l e ,  w e  can 
t a k e  t h a t  t o  b e  an upper l i m i t  t o  t h e  y i e l d s  i n  ou r  case. 
o p t i c a l  l i n e  emis s ion  from s p u t t e r e d  s p e c i e s  went t o  n e a r l y  z e r o  a t  
impingement e n e r g i e s  lower t h a n  about  40 eV,  bu t  they made -no measurements 
a t  ion  e n e r g i e s  less t h a n  30 eV. 
is  s t i i l  i n c r e a s i n g  a t  e n e r g i e s  less t h a n  about  150 eV, a l t h o u g h  t h e y  
t h i n k  it  must t u r n  down f o r  e n e r g i e s  much below t h a t .  Without any hard 
evidence t h a t  it does ,  w e  must make t h e  c o n s e r v a t i v e  assumption t h a t  i t  
does n o t ,  and work t o  f i n d  a maximum p o s s i b l e  v a l u e  f o r  t h e  emission. 
According t o  T o l k  e t  a 1  (31 ) ,  t h e  e x c i t a t i o n  f u n c t i o n  may b e  t aken  t o  
b e  a c o n s t a n t  (which t h e y  have as s igned  a v a l u e  of 1) f o r  i o n - e n e r g i e s  
g r e a t e r  t h a n  about  1 keV,' and t h e  e x c i t a t i o n  f u n c t i o n  a t  about  150 e V  t h e n  
has  a v a l u e  of abou t  6.5. Tsong and Yusuf (32) g i v e  a b s o l u t e  photon y i e l d r  
f o r  s p u t t e r e d  atoms u s i n g  20 keV At- i ons .  
(atorns/ion) b e  c a l l e d  Y. 
(photons/atom s p u t t e r e d )  b e  c a l l e d  p. Then l e t  t h e  normalized e x c i t a t i o n  
f u n c t i o n  a t  low e n e r g i e s  (photons a t  150 e V /  photons a t  20 keV) b e  c a l l e d  
e. Then, t h e  number of photons L produced per  c m z  pe r  second by t h e  
s p a c e c r a f t  s u r f a c e  moving a t  speed v th rough  a medium of number d e n s i t y  N 
becomes 
The r e s u l t s  of S t u a r t  and Wehner are  
Tolk et  a1 (31) found t h a t  f o r  a l l  t h e  s u r f a c e s  they t e s t e d ,  t h e  --
The i r  d e r i v e d  e x c i t a t i o n  e f f i c i e n c y  cu rve  
--
L e t  t h e  s p u t t e r  y i e l d s  
L e t  t h e  a b s o l u t e  photon y i e l d s  a t  20 keV 
L = N v Y p e  . 
Taking N = 8x10'  c m e 3  , v = 8x105 cm/sec, Y = 1 0 -  3 , p = (about  
t h e  maximum y i e l d  found by Tsong and Yusuf (32))  and e = 6.5, w e  f i n d  
L = 4x10" photons/cm'sec . 
T h i s  compares v e r y  f a v o r a b l y  w i t h  t h e  observed i n t e n s i t y  of about  10' 
p e r  c m -  sec f o r  t h e  glow, w i t h  a comfor t ab le  margin f o r  o v e r e s t i m a t e s  i n  
any of t h e  y i e l d s .  Thus, l i g h t  emission from s p u t t e r e d  atoms is a v i a b l e  
mechanism t o  produce t h e  glow i n t e n s i t y .  Ca has an  allowed t r a n s i t i o n  a t  
6572 1 which has  a long l i f e t i m e .  
6590 are a t t r a c t i v e  because t h e  S h u t t l e  t i l e s  are l a r g e l y  SiO, , and 
o t h e r  s u r f a c e s  are l i k e l y  t o  b e  contaminated by S i  s p u t t e r e d  from t h e  
t i l e s  . 
One i n t e r e s t i n g  f e a t u r e  of t h e  r a d i a t i o n  from s p u t t e r e d  atoms i n  
e x p l a i n i n g  t h e  S h u t t l e  glow is  t h a t  t h e  e x c i t a t i o n  of t h e  atomic l e v e l s  of 
t h e  s p u t t e r  emitters is  approximately t h a t  expected f o r  thermal  equ i l ib r ium 
a t  a h i g h  t empera tu re  ( 3 3 , 3 4 ) .  S u r f a c e  a n a l y s i s  by spectrophotometry of 
e x c i t e d  states from bombardment u s e s  t h e  thermodynamic approximation f o r  
l i n e  s t r e n g t h s ,  b u t  t h e r e  appea r s  t o  b e  some con t rove r sy  over  whether l i n e  
s t r e n g t h s  r e a l l y  f o l l o w  t h e  LTE r u l e  (35 ) ,  so  t h e  q u e s t i o n  remains open. 
It goes wi thou t  s ay ing  t h a t  more work needs t o  be done on s p u t t e r i n g  
induced atomic l i n e  r a d i a t i o n .  The s p u t t e r i n g  t h r e s h o l d s  of S t u a r t  and 
Wehner (29) even depend on atomic l i n e  r a d i a t i o n  which t h e y  assumed t o  b e  
e x c i t e d  by t h e  surrounding plasma. It is not  c l e a r  t o  what e x t e n t  t hey  
were measuring, i n s t e a d ,  s p u t t e r  induced r a d i a t i o n .  
photons 
The s i l i c o n  fo rb idden  l i n e s  a t  6527 and 
The work of To lk  e t  a1 
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(31) should be r e p e a t e d  a t  lower ion  e n e r g i e s ,  and it  should b e  e s t a b l i s h e d ,  
once and f o r  a l l ,  whether t h e  Bolttmann d i s t r i b u t i o n  of e x c i t e d  states 
h o l d s  f o r  t h i s  t y p e  of e x c i t a t i o n .  
It s h o u l d  b e  mentioned t h a t  molecular  band and continuum emission 
have a l s o  been seen t o  occur  above s p u t t e r e d  s u r f a c e s  (27) .  Hydrocarbon 
contaminat ion l e a d s  t o  bands of CH, n i t r o g e n  implanted s i l i c o n  shows bands 
of N upon bombardment, and a continuum i s  seen  above bombarded i r o n ,  
n i c k e l ,  t i t a n i u m ,  and o t h e r  metals. Oxidat ion seems t o  enhance t h e  
continuum l e v e l ,  as does  t h e  p re sence  of CO contaminat ion (36) .  C l e a r l y ,  
more work needs t o  b e  done on s p u t t e r  induced emission a t  low ene rg ie s .  
D. Chemical combination of 0 w i t h  0 or o t h e r  e lements  t o  produce 
& c i t e d  molecules  
The oxygen impinging on t h e  S h u t t l e  s u r f a c e s  may s t i c k  and combine 
chemical ly  w i t h  s u r f a c e  atoms or w i t h  o t h e r  oxygen atoms t o  produce f r e e  
.molecules i n  e x c i t e d  states. 
oxygen w i l l  b e  formed, which may t h e n  leave t h e  s u r f a c e  and r a d i a t e .  
" w a l l "  recombinat ion ra te  for oxygen atoms has been determined ( 2 4 )  t o  be 
about  5 ~ 1 0 ' ~  . 
w i l l  b e  a p r o b a b i l i t y  of 5x10-? tht it w i l l  combine wi th  a n o t h e r  oxygen 
atom. It is  n o t  known how t h i s  p r o b a b i l i t y  changes w i t h  material ,  
t empera tu re ,  o r  p r e s s u r e .  
Using t h i s  recombinat ion rate, w e  can  c a l c u l a t e  t h e  p o s s i b l e  r a t e  of 
emission from e x c i t e d  0 2  molecules.  
c m 2  of s u r f a c e  p e r  second, t h e r e  w i l l  b e  3 . 1 ~ 1 0 "  02. molecu le s / cmasec  
formed by w a l l  r e a c t i o n s .  
Thus, i f  on ly  1 molecu le  i n  300 were formed i n  an  e x c i t e d  s ta te ,  t h e  
observed i n t e n s i t y  would b e  produced. 
surfaces,  the  activation energy being provided by the  impacts. The r e l a t i v e  
s u r f a c e  independence of t h e  glow makes combination w i t h  s u r f a c e  contami- 
n a n t s  more a t t r a c t i v e  t h a n  combination w i t h  t h e  s u r f a c e  materials themselves.  
Such chemical  a c t i o n  can  n o t  on ly  l e a d  t o  d r a s t i c  changes i n  t h e  s p u t t e r i n g  
rate,  b u t  c a n  a l s o  l e a d  t o  t h e  p roduc t ion  of v o l a t i l e  molecules ,  f r e e  t o  
r a d i a t e  from t h e i r  excess  combination energy. Among t h e  o x i d e s  which have 
n o l e c u l a r  bands i n  t h e  orange-red are t h o s e  l i s t e d  (26) i n  Tab le  4. 
t h e  r e a c t i o n  c o n t r o l  s y s t e m  t h r u s t e r s  f i r e  by reviewing a v i d e o t a p e  k ind ly  
provided u s  by Roger Williamson. It showed t h a t  a f i r i n g  of t h e  forward 
c o n t r o l  t h r u s t e r s  produced no v i s i b l e  e f f e c t  on t h e  glow above rear 
s u r f a c e s ,  b u t  f i r i n g  t h e  rear t h r u s t e r s  produced a b r i g h t e n i n g  of t h e  glow 
f o r  a p e r i o d  of a few seconds. 
which could l e a d  t o  s u r f a c e  contaminat ion.  The primary exhaust  p roduc t s  
f r  m t h e  t h r u s t e r s  are (16) H L  , H , O  , Hr , CO, and CO, in t h e  o r d e r  
of:xno1ecul2 abundance. Perhaps t h e  most a t t ract ive of t h e s e  as a 
s u r f a c e  contaminant i s  H1 . Oxygen impacting on t h e  s u r f a c e  couldcombine 
chemical ly  w i t h  it t o  produce e x c i t e d  H r O .  
H .O start  a t  abou t  6400 A and extend through t h e  r ed  i n t o  t h e  i n f r a r e d .  
Furthermore,  w e  estimate t h a t  i n  a minimal v e r n i e r  t h r u s t e r  f i r i n g  (39), 
about  3 ~ 1 0 2 ~  molecules  of H L  a r e  produced. I f  1% of t h e s e  molecules  
r e t u r n e d  t o  t h e  S h u t t l e  and a l l  of them s t u c k  t o  i t s  s u r f a c e s ,  t h e  
The most obvious p o s s i b i l i t y  is  t h a t  molecular  
T h e -  
That i s ,  f o r  every oxygen atom h i t t i n g  t h e  w a l l ,  t h e r e  
S i n c e  6 . 2 ~ 1 0 ' ~  0 atoms impinge on each 
An i n t e n s i t y  of 1 kR is 1 O y  photons/cmz sec. 
Of c o u r s e  atomic oxygen w i l l  combine wi th  many o t h e r  elements on t h e  
We i n v e s t i g a t e d  t h e  repor ' t  (15) t h a t  t h e  glow becomes b r i g h t e r  a f t e r  
We now i n q u i r e  as t o  t h e  exhaust  p roduc t s  
C L  zr5 
The s t r o n g  emission bands of 
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coverage would exceed 8x10 " 
t i o n  ra te  of 5x10'' , it would t a k e  about 3 seconds f o r  t h e  H A  produced 
t o  be exhausted by combination of t h e  H z  w i th  incoming 0 atoms. Further-  
more, du r ing  t h a t  time, w e  c a l c u l a t e  t h a t  i f  every combination produces a '  
photon from e x c i t e d  H photons/cm =set 
produced. 
8 . 8 ~ 1 0 "  atoms/cm sec. I f  a l l  of t h e  impacting hydrogen atoms s t u c k  
and produced H molecules ,  which were subsequent ly  combined w i t h  
impacting oxygen atoms t o  make e x c i t e d  water vapor ,  t h e  photon p roduc t ion  
ra te  would b e  about  4 . 4 ~ 1 0 ' '  Of c o u r s e  i n  n e i t h e r  casewil l  
a l l  of t h e  atoms and molecules  s t i c k  and /o r  b e  exc i t ed .  However, assuming 
t h a t  on ly  1 i n  40 mole<les s t i c k s  and is e x c i t e d  upon combination, w e  
can  account  f o r  t h e  i n t e n s i t y  of t h e  glow, i ts  spectrum, and a s i x f o l d  
increase i n  i n t e n s i t y  f o r  a few seconds a f t e r  t h e  t h r u s t e r s  f i r e .  
S t i l l ,  t h e  most l i k e l y  s u r f a c e  contaminant is atomic oxygen, and t h e  
incoming oxygen atoms should combine w i t h  it t o  produce e x c i t e d  molecular  
oxygen. 
We -consider  it most l i k e l y  t h a t  bo th  molecular  oxygen and w a t e r ' v a p o r  
are being produced i n  e x c i t e d  states by combination a t  t h e  s u r f a c e  w i t h  
impacting oxygen atoms. 
real 
c o n t r i b u t e  much t o  t h e  narrow glow l a y e r ,  however. 
molecules/cm'L. Then, assuming a w a l l  combina- - 
0, t h e r e  w i l l  be  about 3x10 " 
For comparison, t h e  impact ra te  of a tomic 0 on t h e  s u r f a c e  i s  
photons/cmZsec. 
The oxygen bands a l r e a d y  d i s c u s s e d  would t h e n  b e  produced a l s o .  - 
As w e  s h a l l  see i n  t h e  next  s e c t i o n ,  t h e r e  i s  
doubt as t o  whether t h e  m e t a s t a b l e  states of molecular  oxygen 
THE LIFETIME PROBLEX 
- 3  
The l i f e t i m e s  of most allowed t r a n s i t i o n s  (-10 s ) i s  much s h o r t e r  
. R a d i a t i v e  l i f e t i m e s  of forbLdden t r a n s i t i o n s  are u s u a l l y  much l o n g e r  t h a n  
p r o b l m .  How can  one  modify t h e  r a d i a t i v e  l i f e t i m e s  t o  f i t  t h e  
ob s erva t ions?  
One way t o  i n c r e a s e  t h e  appa ren t  r a d i a t i v e  l i f e t i m e s  of a l lowed 
t r a n s i t i o n s  is t o  have a n  i n t e n s i t y  near  t h a t  needed f o r  s a t u r a t i o n .  That 
is, i f  t h e  number of a b s o r p t i o n s  roughly equa l s  t h e  number of emissions pe r  
u n i t  l e n g t h ,  t h e  appa ren t  l i fe t ime may becornerrquite long. 
c o n d i t i o n s  necessa ry  f o r  t h i s  t o  occur .  L e t  6 y  b e  t h e  atomic o r  
molecular  a b s o r p t i o n  c o e f f i c i e n t  a t  f requency 'Y , I,, b e  t h e  s p e c i f i c  
i n t e n s i t y ,  s b e  t h e  p a t h l e n g t h ,  and E,, b e  t h e  emission c o e f f i c i e n t  (37) .  
Then, r a d i a t i v e  t r a n s f e r  i m p l i e s  that  
t h a n  t h e  c a l c u l a t e d  l i f e t i m e s  of t h e  glow emitter ( -  5 ~ 1 0 ' ~  s) . 
- t h i s  ( A  1 t o  1000 sec). Thus, t h e  l i f e t i m e  of t h e  glow emitters is  a 
W e  may d e r i v e  
h. 42 = - I ' l v 1 v + € f  
I n  terms of t h e  E i n s t e i n  c o e f f i c i e n t s ,  - 
where g , and g, are  t h e  s t a t i s t i c a l  we igh t s  of t h e  energy l e v e l s  and h 
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is  P lanck ' s  c o n s t a n t .  Rewri t ing t h e  equa t ion  of t r a n s f e r ,  w e  have 
The appa ren t  l i f e t i m e  of a n  emitter is  p r o p o r t i o n a l  t o  
($5: 
which f o r  a n  i s o l a t e d  emitter is 
When t h e  emission must pas s  through a b s o r b e r s ,  however, t h e  s p e c i f i c  
i n t e n s i t y  becomes impor t an t ,  and t h e  appa ren t  emitter l i f e t i m e  goes  up 
J 
I f  w e  want t h i s  f a c t o r  t o  b e  l a r g e ,  as it must be i f  w e  are t o  &crease the: 
appa ren t  lifetimes of o u r  allowed t ' r a n s i t i o n s  t o  t h e  observed glow emitter 
l ifetime, w e  must have 
' 
For NZL4 N ,  
.Let u s  assume 
- a t empera tu re  
U , as  is u s u a l l y  t h e  case, w e  have 
3 
t h a t  N r / N ,  
T and u s e  t h e  observed s p e c i f i c  i n t e n s i t y  t o  see what 
is  g iven  by t h e  Boltzmann equa t ion  f o r  a g a s  a t  
e x c i t a t i o n  t a n p e r a t u r e  i s  r e q u i r e d  f o r  ' s a t u r a t i o n .  We t h e n  have 
where EL and E l  are  t h e  energy l e v e l s  involved. For a t o t a l  i n t e n s i t y  
of 1 k i loRay le igh  = l o $  
AY 
photons/cmz sec i n t o  4 W  s t e r a d i a n s ,  and a bandwidth 
of 1000 1, w e  o b t a i n  a t  7000 x 
a d  2 k v 3  .c_ /,2 x / o - ~  SO ++-a* 
- z  > c 
--z 1 
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and o u r  assumption upheld.  From Boltzmann's equa t ion  
above, w e  t h e n  have 
and w i t h  Er: E I 
e x c i t a t i o n  temperatun;  s i n c e  w e  expect s u r f a c e  t empera tu res  n e a r  300K and 
e l e c t r o n  t empera tu res  nea r  1000K. Thus, t h e  l eng then ing  o f . a p p a r e n t  l i f e t i m e s  
= 1.78 e V ,  w e  have T 4 440K. T h i s  is n o t  a n  un reasonab le  
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of  al lowed t r a n s i t i o n s  through nea r  s a t u r a t i o n  seems t o  b e  a v i a b l e  
mechanism. - 
appa ren t  r a d i a t i v e  lifetimes. 
de-exci ted b e f o r e  they  r a d i a t e ,  so t h a t  o n l y  t h o s e  which have r a d i a t i v e l y  
decayed b e f o r e  a non- rad ia t ive  t r a n s i t i o n  w i l l  b e  seen. Thus, t h e  
appa ren t  lif e t b e  (and t o t a l  i n t e n s i t y )  of fo rb idden  t r a n s i t i o n s  may b e  
l e s sened  i n  t h e  r a t i o  of t h e  time between c o l l i s i o n s  t o  the r a d i a t i v e  
lifetime. 
atoms is  much g r e a t e r  t han  t h e  t h i c k n e s s  of t h e  S h u t t l e  glow l a y e r .  
it has been r e p o r t e d  ( 4 0 )  t h a t  a f t e r  t h r u s t e r  f i r i n g s  t h e  p r e s s u r e  near t h e  
S h u t t l e  can r ise t o  about  t o r r .  T h i s  can dec rease  t h e  mean f r e e  
p a t h  s i g n i f i c a n t l y ,  and thereby  d e c r e a s e  t h e  apparent  width of a fo rb idden  
l i n e  l a y e r .  The mean f r e e  p a t h  k i s  g i v e n  by 
However, t h e r e  appears  t o  b e  another  p o s s i b i l i t y  f o r  changed 
Metas tab le  states may be  c o l l i s i o n a l l y  




by t h e  i d e a l  g a s  l a w  w i t h  T - 300K (equiva ler i t  t o  t h e  assumption of complete 
t h e r m a l i z a t i o n  above t h e  su r faces ) ,  
is  t h e  c o l l i s i o n  c ros s - sec t ion  and N is  t h e  number d e n s i t y .  . 
10”’ c m Z  f o r  c o r l i s i o n a l  de -exc i t a t ion  and N t o  b e  g iven  
(P ;* torr) .  
I n  o r d e r  t o  have a l a y e r  10 c m  t h i c k  around t h e  S h u t t l e ,  w e  t h u s  need a p r e s s u r e  
of about  3 ~ 1 0 ’ ~  t o r r .  
dependent on t h e  c r o s s - s e c t i o n  assumed. 
which sometimes a p p l i e s  i n  c a s e s  of c o l l i s i o n a l  I i n e  broadening, b r i n g s  t h i s  
r e s u l t  more n e a r l y  i n t o  agreement w i t h  t h e  maximum repor t ed  pressures. 
However ,  if this mechanism a p p l i e s ,  the  dep th  of t h e  glow l aye r  should 
change w i t h  changes i n  t h e  ambient p re s su re ;  i.e. w i t h  t h r u s t e r  f i r i n g s .  
Viewing of t h e  v i d e o t a p e s  supp l i ed  u s  by Roger Williamson convinced u s  t h a t  
no such narrowing of the  glow l a y e r  fo l lows  t h r u s t e r  f i r i n g s .  - Thus, 
fo rb idden  l ine and band exp lana t ions  of t h e  glow a p p e a r  t o  be  i n  c o n f l i c t  
w i th  t h e  o b s e r v a t i o n s .  
We must emphasize t h a t  t h i s  r e s u l t  i s  h igh ly  
A c ross - sec t ion  10 t i m q  l a r g e r ,  
- 
RELATION TO DEGRADATION 
The Space S h u t t l e  glow is r e l a t e d  t o  ano the r  phenomenon observed on t h e  
STS-3 f l i g h t ;  t h e  deg rada t ion  o f ’ m a t e r i a l s  i n  t h e  ram d i r e c t i o n  ( 3 8 ) .  
only’ occur  on forward f a c i n g  s u r f a c e s ,  bo th  may make u s e  of t h e  energy of 
t h e  impacting s p e c i e s ,  and bo th  mzy. r e q u i r e  t h e  presence  of a tomic oxygen. 
I n  t h e  case of t h e  material deg rada t ion ,  it is be l i eved  t h a t  o x i d a t i o n  of 
p l a s t i c s ,  p a i n t s ,  and g r a p h i t e  l e a d  t o  v o l a t i l e  g a s e s  which escape, 
l e a v i n g  a damaged s u r f a c e .  I n  t h e  case of t h e  S h u t t l e  glow, o x i d a t i o n  of 
s u r f a c e  contaminants  may l e a d  t o  f r e e  molecules  i n  exc i t ed  states, t h e  
extra energy being supp l i ed  by t h e  oxygen impact. One might suspec t  t h a t  
bo th  a re  m a n i f e s t a t i o n s  of t h e  same phenomenon. 
c h e a i s t r y  involved i n  t h e  two processes  say- d i f f e r ,  however. 
Both 
. 




MOST PROBABLE CAUSE OF THE GLOW 
C l e a r l y ,  t h e  s i m p l e s r  e x p l a n a t i o n  of t h e  S h u t t l e  glow would b e  t h e  
e x c i t a t i o n  of  a tomic oxygen atoms as they  impact on t h e  s u r f a c e ,  fol lowed 
by r a d i a t i o n  of. f o r b i d d e n  l i n e s  as they l e a v e  t h e  s u r f a c e .  
t h i s  s i m p l e  i n t e r p r e t a t i o n  is  t h e  f a c t  t h a t  t h e  emission seems t o  b e  more 
d i f f u s e  t h a n  i n  t h e  form of s p e c t r a l  l i n e s ,  and t h a t  t h e  l i f e t i m e s  of t h e  
f o r b i d d e n  t r a n s i t i o n s  involved are too  long t o  produce t h e  narrow glow 
l a y e r .  
atoms and t o  atomic- l i n e s  of d i s s o c i a t e d  02 . 
r a d i a t i o n  from molecules  about  t o  d i s s o c i a t e  GYescapC b o t h  o b j e c t i o n s .  
Rad ia t ion  i n  t h e  orange-red from bound 0 2  molecules,  however,' s h a r e s  the 
o b j e c t i o n  of having t o o  'long a r a d i a t i v e  l i f e t i m e ,  and must b e  d i s c a r d e d .  
Perha3s t h e  most a t t r a c t i v e  e x p l a n a t i o n  f o r  t h e  glow is  from e x c i t e d  
H z O  molecules  l e a v i n g  t h e  s u r f a c e .  They are o r d i n a r i l y  formed by Combination 
of H atoms on t h e  s u r f a c e  t o  form H, , fol lowed by comBination w i t h  impact- 
ing 0 atoms t o  produce e x c i t e d  HzO. When t h e  nearby t h r u s t e r s  f i r e ,  more - 
HL a r r i v e s  a t  t h e  s u r f a c e s ,  i n c r e a s i n g  t h e  combination r a t e  and t h e  
i n t e n s i t y  of t h e  glow momentarily. 
unimportant so long as t h e  hydrogen s t i c h  t o  it. 
ex tends  from abou t  6500 
Exci ted 0 and 0, a re  also produced a t  t h e  s u r f a c e ,  bu t  because - t h e i r  
r e l e v a n t  t r a n s i t i o n s  are fo rb idden ,  t h e  emission extends ove r  t o o  wide a 
s p a t i a l  r ange  t o  b e  v i s i b l e .  The i n t e n s i t y  of t h e  H Z O  r a d i a t i o n  i s  l i m i t e d  
by s a t u r a t i o n  of t h e  emission by a b s o r p t i o n ,  i n c r e a s i n g  t h e r e b y  t h e  appa ren t  
r a d i a t i v e  l i f e t i m e  by l a r g e  f a c t o r s .  
r e l a t i v e l y  unimportant  due t o  t h e  tenuous n a t u r e  of the ambient g a s  even 
when t h e  t h r u s t e r s  are f i r i n g .  
I f  o u r  h y p o t h e s i s  is  t r u e ,  t h e n  i n f r a r e d  s p e c t r a  of t h e  glow should 
show s t r o n g  emiss ion  bands c h a r a c t e r i s t i c  of H vapor.  High r e s o l u t i o n  
s p e c t r a  should show i n d i v i d u a l  l i n e s  i n  t h e  emission bands w i t h  widths  
corresponding t o  t empera tu res  of 400-500K. 
should no t  i n c r e a s e  t he  glow i n t e n s i f y  e x c e p t  by pho to -d i s soc ia t ion  of . 
water i n  s u n l i g h t ,  when t h e  glow is too  f a i n t  t o  b e  seen  above t h e  background 
anyway. 
pumping t h e  escaping unexc i t ed  H 2 0  up t o  h ighe r  energy l e v e l s  a r t i f i c i a l l y .  
C o n t r o l l e d  leaks of hydrogen o r  o t h e r  g a s e s  onto s u r f a c e s  could b e  t r i e d  
t o  see i f  t h e  glow i n t e n s i t y  o r  d e p t h  would change. Laboratory experiments 
w i t h  oxygen beams on hydrogen prepared s u r f a c e s  could b e  done. A m u l t i t u d e  
of experiments  s p r i n g  t o  mind. 
s lowly burning o f f  t h e  hydrogen on i t s  s u r f a c e ,  a celest ia l  f lame,  orange-red, 
l i g h t i n g  i ts  own way through t h e  n i g h t .  
Arguing a g a i n s t  
The same o b j e c t i o n s  app ly  t o  t h e  fo rb idden  l i n e s  of s p u t t e r e d  




The n a t u r e  of 'the s u r f a c e  is 
The spectrum n a t u r a l l y -  
through t h e  rex i n t o  t h e  i n f r a r e d  r e g i o n .  
C o l l i s i o n a l  d e - e x c i t a t i o n  i s  
Water dumps from t h e  S h u t t l e  
It sou ld  b e  p o s s i b l e  t o  i n c r e a s e  t h e  i n t e n s i t y  of t h e  glow by 
It is i n t r i g u i n g  t o  t h i n k  t h a t  t h e  Space S h u t t l e  glows because it i s  
FURTHER WORK NEEDED . 
F i r s t  of a l l  a good, h i g h  r e s o l u t i o n  spectrum of t h e  S h u t t l e  glow i s  
e s s e n t i a l .  The spectrum must have s u f f i c i e n t  s p a t i a l  r e s o l u t i o n  t o  
d i s t i n g u i s h  t h e  s u r f a c e  i t s e l f  from t h e  glowing l a y e r  above and s u f f i c i e n t  
s p e c t r a l  r e s o l u t i o n  t o  a c c u r a t e l y  i d e n t i f y  t h e  wavelengths of t h e  bandheads 
and t o  f i n d  i n d i v i d u a l  l i n e s .  The spectrum should extend i n t o  t h e  
i n f r a r e d .  
measure t h e  f a i n t  S h u t t l e  glow. 
t h e  s p e c t r o g r a p h  should have a h igh  quantum y i e l d  t o  adequa te ly  
Secondly,  t h e  e f f e c t s  of a l t i t u d e  on t h e  glow should b e  determined. 
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Mechanisms which are ra te  l i m i t e d  by t h e  impacting f l u x  of oxygen should . 
depend on t h e  oxygen number d e n s i t y  ' d i r e c t l y .  Those involving t h e  p re sence  
of HL should depend on i ts  d e n s i t y ,  etc. The glow should s t o p  e n t i r e l y  a t  
a l t i t u d e s  where t h e  k i n e t i c  energy -per incoming atom is i n s u f f i c i e n t  t o  excite 
t h e  r a d i a t i n g  s p e c i e s .  
t h o s e  important  f o r  t h e  chemistry.  
i m p u r i t i e s  t o  check t h e  i n f l u e n c e  on t h e  glow i n t e n s i t y ,  and t o  f i n d  t h e  
e f f e c t  of t empera tu re  on t h e  r e a c t i o n  rates. Sur faces  'with a v a r i a b l e  a n g l e  
of a t t a c k  cou ld  b e  used t o  de t e rmine  t h e  i n c i d e n t  p a r t i c l e  e n e r g i e s  necessary.  
F i n a l l y ,  incoming p a r t i c l e s  could b e  ion ized  and s u r f a c e s  charged t o  
v a r y i n g  p o t e n t i a l s  t o  de t e rmine  t h e  e x c i t i n g  par t ic le  energy t h r e s h o l d .  
a d s o r b e n t s  should b e  determined i n  t h e  l a b o r a t o r y  a t  low p r e s s u r e s .  
S t i c k i n g  p r o b a b i l i t i e s  and accomodation c o e f f i c i e n t s ,  as w e l l  a s  e x c i t a t i o n  
p r o b a b i l i t i e s ,  should b e  determined f o r  t h e  major impacting s p e c i e s  a t  e V  ene rg ie s .  
Wall recombinat ion rates should b e  determined f o r  hydrogen, and t h e  p r e s s u r e  
dependence of t h e  ra te  f o r  oxygen found. Real is t ic  - s p u t t e r i n g  t h r e s h o l d s  
need t o  be determined independent of t h e  emission from s p u t t e r e d  s p e c i e s ,  
and s p u t t e r  induced emission should b e  thoroughly s t u d i e d  a t  e n e r g i e s  
near  t h r e s h o l d .  
as p o s s i b l e  i n  t h e  l a b o r a t o r y .  
n i t r o g e n ,  etc., should b e  f i r e d  a t  v a r i o u s  materials i n  h igh  vacuum t o  
i n v e s t i g a t e  t h e  phenomenon thoroughly.  
should be t e s t e d .  Energy dependences should b e  examined. I n  s h o r t ,  a l l  
. p o s s i b l y  impor t an t  f a c t o r s  should b e  v a r i e d  under c o n t r o l l e d  c o n d i t i o n s  t o  
de t e rmine  t h e  s o u r c e  and n a t u r e  of t h e  glow, its r e l a t i o n s h i p  t o  material 
d e g r a d a t i o n ,  and s t e p s  which can b e  t aken  t o  minimize o r  e l i m i n a t e  i t s  
a d v e r s e  e f f e c t s .  
Con t ro l l ed  dunps of d i f f e r e n t  g a s e s  could p i c k  o u t  
S u r f a c e s  could b e  heated t o  d r i v e  o f f  
React ion rates f o r  chemical combination of a tomic oxygen w i t h  s u r f a c e  
F i n a l l y ,  t h e  Space  S h u t t l e  c o n d i t i o n s  should be s imulated as c l o s e l y  
N e u t r a l  beams of atomic oxygen, molecular  
Both contaminated and c l e a n  s u r f a c e s  
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Tab le  1 
S p e c i e s  Number ' d e n s i t y  ) Impact Energy (eV) I o n i z a t i o n  (eV) D i s s o c i a t i o n  (eV) 
0 7 .ax10 8 5.2 13.6 
1 .ax10 8 9.1 15.6 
H e  8.3~10 6 1.3 24.5 
NL 
8.1~10 6 10.4 12.1 
0, 
H '  l.lxl0 5 0.3 13.6 
A 3.9~10 4 13.0 15.8 
9.9 
5.2 
Tab le  2 
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Surface Analysis o f  STS 8 Samples 
In t roduc t ion  
I n  order  t o  provide in format ion about the  oxygen i n t e r a c t i o n  w i t h  mater- 
i a l s  i n  low ea r th  o r b i t ,  a number o f  t e s t  samples were prepared and f lown on 
STS 8. We r e p o r t  the r e s u l t s  on 7 f l i g h t  samples and t h e i r  corresponding back- 
up samples, which were maintained i n  a laboratory  environment f o r  t he  same 
per iod  of time. For the  most part, both the  f l i g h t  and t h e  backup samples 
were h i g h l y  contaminated w i th  surface carbon, probably as a r e s u l t  o f  t h e i r  
storage. 
tween the  f l i g h t  and backup samples, but  t he  chromium and copper specimens 
were notable exceptions. 
Sample Documentation 
Normally, on ly  small d i f ferences were noted i n  t h e  AES spectra be- 
The samples t h a t  were f lown came from several sources and are described 
i n  Table I. 
representat ive o f  the  polymers used f o r  thermal blankets, many o f  which are 
The metal-backed t h i n  Kapton, Teflon, and Mylar samples were 
known t o  degrade r a p i d l y  i n  LEO. Other specimens were prepared as f i l m s  de- 
pos i ted on sapphire o r  quartz substrates. The .IT0 and MgF2 are used as con- 
duct ing o r  AR coatings f o r  so la r  c e l l s  wh i le  the  chromium, aluminum, and 
copper samples are representat ive metals chosen f o r  t h e i r  poss ib le  iner tness 
t o  the  oxygen beam. 
the  Auger analys is  and the data are repor ted here. 
O f  the  samples l i s t e d  i n  Table I, seven were selected f o r  
AES Analysis 
A l l  o f  t he  AES analyses were taken w i t h  a Physical E lec t ron ics  double-pass 
For t h e  m e t a l l i c  samples, i n  which there  were no charging o r  decomposi- CMA. 
t i o n  d i f f i c u l t i e s ,  beam currents  o f  a few PA were used w i t h  e lec t ron  beam ener- 
g ies of 2 keV. For the  polymer samples--the beam current  was decreased t o  
approximately 20 nA and f o r  those samples f o r  which charging was observed the 
primary e lect ron beam energy was decreased t o  near the second SEE cross-over 
t o  minimize charging e f fec ts .  The e lect ron beam spot s ize  on the specimen 
was approximately 0.5 mm diameter, minimizing the current densi ty and thus 
the degradation of the  i nsu la t i ng  mater ia ls under the  beam exposure. We have 
used such techniques e a r l i e r  i n  the examination o f  samples f o r  t h e i r  SEE. 
I n  contrast  t o  our e a r l i e r  work, the  Teflon d i d  not g ive r i s e  t o  the 
maximum charging d i f f i c u l t i e s .  However, the  Kapton and Mylar f l i g h t  samples, 
especi a1 ly af ter  sputtering, experienced such charging t h a t  the data q u a l i t y  
was affected. Not unex- 
pectedly, la rge  amounts of carbon and oxygen were found as the  r e s u l t  o f  the 
A l l  samples were examined i n  UHV before sputter ing.  
specimen handling o r  storage. The samples were then re-examined a f t e r  sputter-  - 
i n g  w i th  argon a t  a pressure o f  approximately 6 x 
observed af ter  approximately one minute sputter i n te rva l s  u n t i  1 the surface 
carbon contamination was removed and data representative o f  the sample appeared. 
Normally t h i s  took place i n  about two minutes o f  sput ter ing w i th  a t o t a l  
sputter current  o f  about 2.5 PA a t  2 keV Ar' ions. 
ind icates a sput te r ing  r a t e  o f  6 A per minute on Si02. 
Torr. AES spectra were 
Ca l ib ra t ion  i n  t h i s  system 
0 
The spectra were examined and the l i n e  i d e n t i f i c a t i o n s  made. Atomic com- 
pos i t ions were determined f o r  representative samples using the  published sensi- 
t i v i t y  factor  technique w i t h  correct ions where needed f o r  beam energy changes. 
The r e l a t i v e  accuracy o f  the  AES technique must be taken as a few percent. 
Results 
Typical Auger spectra are shown f o r  the  copper f l i g h t  sample i n  Fig. 1 and 
the  copper backup sample i n  Fig. 2, i n  both cases before (a )  and af ter  (b) sput- 
ter ing.  In add i t ion  t o  t h e  expected carbon, oxygen, and copper peaks, contami- 
nat ion by ch lo r ine  was also observed. Table If and I11 show the  surface atomic 
compositions f o r  the  polymer and t h i n  f i l m  specimens respec t ive ly  i n  before- 
and a f te r -sput te r ing  conditions. We discuss each b r i e f l y .  
The Kapton shows a decided carbon enrichment compared t o  the  expected 
stoichiometry.  
i n  our own laboratory.  
This has been noted e a r l i e r  by the  NASA-Ames group as we l l  as 
The Tef lon samples appear t o  show f l u o r i n e  desorption a f t e r  sputter ing.  
This, again, i s  not unexpected, and there  appears t o  be l i t t l e  d i f fe rence be- 
tween t h e  f l i g h t  and backup specimens. 
The Mylar f l i g h t  sample a f t e r  spu t te r ing  was the most d i f f i c u l t  from the 
charging p o i n t  o f  view and la rge r  uncer ta in t ies  must be associated w i th  i t s  
composition values. 
broader and hence a f f e c t  any analys is  based on peak t o  peak values. 
The charging d i f f i c u l t i e s  make the  Auger peaks much 
The chromium on Kapton substrate beam currents were r e s t r i c t e d  t o  20 nA, 
even though d i r e c t  charging was not observed. 
oxygen i s  d i f f i c u l t  because o f  peak pos i t i on  interference, although the LMM- 
529 eV l i n e  has been used t o  i d e n t i f y  chromium i n  Cr203 enriched s ta in less  
s tee l .  
carbon being replaced by n i cke l  a f t e r  sput ter ing f o r  three minutes. 
representat ive o f  me ta l l i c  chromium was found i n  the  f l i g h t  sample, but t he  
negat ive going oxygen peak was smal ler  and broader than it would be f o r  e le-  
mental oxygen. 
confirmed by the backup sample i n  which both chromium and n i cke l  peaks were 
present. It should be noted t h a t  wh i l e  the  backup sample contained some oxygen 
a f t e r  f o u r  minutes o f  sputter ing,  presumably because o f  t he  d i f f i c u l t y  o f  pre- 
par ing oxygen f r e e  chromium f i lms,  t h e  oxygen leve l  was reduced by a f a c t o r  o f  
th ree  i n  t h e  backup sample compared t o  t h e  f l i g h t  sample. On t h e  basis o f  the  
The separation o f  chromium from 
The f l i g h t  sample was about 1/3 oxygen w i th  the remaining surface 
No peak 
The presence o f  major n i cke l  contamination was unexpected but 
surface analyses we must conclude t h a t  the  sample was changed subs tan t i a l l y  by 
exposure i n  LEO. 
4 
The IT0 sample was dist inguished by the absence o f  t i n  and the presence 
o f  a surface contamination o f  chromium i n  the backup sample. 
i n g  there appears t o  be l i t t l e  d i f ference between the  f l i g h t  and backup speci- 
men. 
A f te r  sput ter -  
The Molybdenum sample,after sputtering, a lso showed l i t t l e  d i f f e rence  be- 
tween the  f l i g h t  and backup specimen. 
m e t a l l i c  molybdenum. 
composition o f  M(ON13. 
However, the sample was by no means 
It appeared t o  be a mixed oxy-n i t r ide w i t h  approximate 
The copper specimen showed a substant ia l  d i f ference between the  f l i g h t  
and backup samples. 
sput ter ing t ime we f i nd  carbon i n  the  backup sample and la rge  amounts o f  oxy- 
gen i n  the  f l i g h t  sample. Assuming the  i n i t i a l  compositions t o  be the  same, 
Ignor ing the contamination w i t h  chlorine, a f t e r  t he  same 
t h i s  could be i n t e r p r e t e d  as a removal o f  carbon from the copper sample by 
i n t e r a c t i o n  w i t h  the  oxygen and desorption as CO o r  COP plus a copper oxide 
formation dur ing LEO exposure. 
To summarize i n  an overs impl i f ied way, the m e t a l l i c  chromium and copper 
samples showed substant ia l  surface i n te rac t i ons  dur ing exposure on STS 8. 
the other hand, t h e  surface analyses o f  the polymer samples showed l i t t l e  d i f -  
On 
ference between the  f l i g h t  and backup samples. 
5 
Table I 












5 mil Kapton on A1 
5 mil Teflon on Inconel-Silver 
5 m i l  Mylar on A1 
MgF2 on glass 
IT0 on glass 
Si02+ PTFE on Kapton 
A1203 on Kapton 
Si02 on Kapton 
Ti02 on quartz 
Molybdenum on sapphi re 
Copper on sapphire 
Chromium on Kapton on A1 
Optical reflector 
* 
AES a t  Case Western Reserve University 
6 
Table I1 
A t o m i c  X 
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